INTRODUCTION
In recent years, the rate of growth of the human immunodeficiency virus (HIV) epidemic has slowed with a reduction in the annual number of new HIV infections and a dramatic reduction in HIV-associated mortality [1] [2] [3] . Life expectancy for those living with HIV with access to combined antiretroviral therapy (cART) is increasing. Thus, globally, the total number of individuals living with HIV remains high and was estimated to be around 33 million at the end of 2009 [1] . With this increased life expectancy, complications related to both HIV infection and to cART are increasingly common and important. As men live longer and are generally healthier than they were before the introduction of cART, the role testosterone plays in sexual function as well as in general well-being is becoming increasingly important. In this review, we discuss the available literature concerning androgens and HIV disease.
METHODS
A review was undertaken by using a PubMed search with the umbrella terms HIV or AIDS and testosterone or androgens spanning 1985 to 2011. Significant papers found in references in the primary search were also included. The present article first reviews the clinical aspects of naturally occurring androgens in HIV disease and then considers androgen therapy.
Prior to the advent of combined antiretroviral therapy
Early on in the HIV epidemic, before the introduction of cART, high rates of hypogonadism were reported anecdotally in a number of publications. In an early paper by Dobs et al. [4] in 1988, the authors reported that 20 or 40 males with acquired immune deficiency syndrome (AIDS)-related weight loss had total testosterone (TT) levels within the hypogonadal range.
In 1991 low rates of hypogonadism were observed by Raffi et al. [5] , with 10 of 67 men with HIV (15%) having a TT level ＜300 ng/dL. Among those with an AIDS diagnosis, the prevalence of hypogonadism was statistically significantly higher (29%) than in asymptomatic patients and those with other early-stage HIV disease. Low testosterone levels were mainly seen in association with normal or low pituitary hormone levels. Testosterone responses to gonadotropin-releasing hormone were investigated and found to be normal, which is suggestive of a functional deficit in the hypothalamic-pituitary axis.
Sex hormone-binding globulin
In 1995 Laudat et al. [6] measured androgen levels along with sex hormone-binding globulin (SHBG) levels in 58 asymptomatic HIV-positive men compared with 11 HIV-negative men as controls. SHBG levels were found to be significantly higher, and non-SHBG-bound testosterone was lower, in cases than in controls, even in men with early asymptomatic HIV infection. The finding of high levels of SHBG was borne out in several subsequent studies and consequently it has been observed that the high concentration of SHBG in this population may frequently result in an increase in TT values, alongside a reduction in free testosterone (FT) or bioavailable testosterone [7] .
In a more recent study by Moreno-Perez et al. [7] , SHBG, albumin, TT, and FT were measured and bioavailable testosterone was calculated by using the equation described by Vermeulen et al. [8] . Ninety HIV-positive men were included in this arm of the study, and 72% had a suppressed HIV viral load on cART. Using the calculated bioavailable testosterone level as a measure, hypogonadism was observed in just 13% of the population studied, and TT and FT were found to have a sensitivity of just 25% and 33%, respectively, in predicting hypogonadism in this population. These results suggest that because albumin and SHBG levels are frequently abnormal in HIV-positive individuals, the measurement and calculation of bioavailable testosterone is especially important in HIV-positive men to accurately assess testosterone status, particularly in those with borderline low FT or TT levels.
Hypogonadism in the era of cART
The effect of cART therapy on testosterone levels in this population is unclear and studies show conflicting results. A study performed in 2007 by Crum-Cianflone et al. [9] aimed to establish the prevalence and risk factors for hypogonadism among a modern cohort of HIV-infected men. Three hundred HIV-positive men were enrolled in this study; 60% were taking cART with good immune response. Seventeen percent (50/296) of the men had a morning TT level below 300 ng/dL and a further 16% had a borderline testosterone level (300-400 ng/dL). No association was observed between low levels of testosterone and current, past, or cumulative use of HIV medications.
Wunder et al. [10] studied the affect of cART therapy on androgen levels over time. Data were derived from the stored serum samples of 97 participants, and luteinizing hormone (LH), follicle-stimulating hormone (FSH), and FT were measured at baseline and after 2 years of successful cART. At baseline, 68 of 97 patients (70%) had subnormal FT levels for the age-adjusted normal range, and LH levels were low in 44%, normal in 47%, and high in 9%. No significant changes in FT, LH, or FSH were observed after 2 years of successful ARV therapy. More than 60% remained hypogonadal after 2 years of cART, with 24% of those originally hypogonadal returning to normal levels and 32% of those originally within normal levels becoming hypogonadal after 2 years of therapy. The authors acknowledged that the use of stored serum samples was a limiting factor in the interpretation of these findings. Effective treatment with antiretroviral therapy has been shown to increase lean body mass, particularly in individuals with low CD4 counts at the initiation of treatment [11] . Dube et al. [12] noted an increase in FT after the initiation of antiretroviral therapy, along with an increase in fat-free mass, which appeared to be more marked with certain types and classes of cART.
Rates of hypogonadism among HIV-negative men in the Massachusetts Male Aging Study were reported as between 6% and 12% among 40-to 69-year-old American males [13] . Whereas studies in HIV-positive men have shown high levels of biochemical hypogonadism, in clinical practice, a diagnosis of testosterone deficiency is usually made in conjunction with consistent clinical symptoms and signs [14] . Testosterone deficiency may cause nonspecific symptoms such as fatigue, depressed mood, weakness, and sexual dysfunction. These nonspecific symptoms are also frequently independently associated with chronic illness, depression, HIV seropositivity, opportunistic infections, and taking cART therapy. Careful history, examination, and appropriate investigation are therefore essential when trying to ascertain whether biochemical hypogonadism is clinically relevant in an individual.
HIV WASTING AND TESTOSTERONE
The U.S. Centers for Disease Control and Prevention classification system for HIV disease staging and classification defines HIV wasting syndrome as an involuntary weight loss of more than 10% of baseline body weight in association with either chronic diarrhea or chronic weakness [15] . In well-resourced settings, wasting among HIV-positive persons taking cART is now much less common and is frequently rapidly reversed with nutritional supplementation and appropriate treatment to control HIV viral replication. However, even in the era of cART, HIV-associated weight loss remains prevalent. A large, retrospective observational study of a contemporary managed care population in the United States observed that even among a modern cohort of HIV-positive persons, almost 1 in 10 had evidence of HIV-associated weight loss [16] .
A study presented in 2000 by Desyatnik et al. [17] inves-tigated the association between clinical wasting and hypogonadism by conducting a retrospective review of 88 HIV-positive male patients on cART for at least 6 months. Hypogonadism was observed in 20% of the participants and wasting (weight loss >5% of ideal body weight) in 42% of the participants, with no correlation observed between wasting and hypogonadism. The same year, a paper was published by Rietschel et al. [18] that looked at androgen levels in a group of HIV-positive men with wasting, of whom 70% were receiving cART. The authors found that 21% of patients receiving cART had hypogonadism compared with 15% of those not receiving cART. Comparison was also made with a control group of HIV-positive men without wasting, and total and FT levels were not significantly different for subjects with and without wasting.
The contributions of catabolic cytokines to HIV-associated wasting and weight loss in a group of HIV-positive men were investigated by Roubenoff et al. [19] . Those authors studied a group of 172 HIV-positive men and found that both tumor necrosis factor (TNF)-alpha and interleukin-1-beta production by peripheral blood mononuclear cells predicted loss of lean body mass, and that serum FT was inversely associated with TNF-alpha production. After adjustment for cytokine production, serum FT alone was not an independent predictor of lean body mass.
Among HIV-positive persons living in resource-poor settings, wasting syndromes are more commonly encountered and may be due to lack of nutritional intake as well as lack of appropriate cART and concomitant infections. In this instance, appropriate remedy of any exacerbating underlying cause of wasting is indicated before consideration of androgen replacement.
METABOLIC SYNDROME
The metabolic syndrome (MS) is a term used to describe the clustering of risk factors for cardiovascular disease, including abnormal lipids, hypertension, insulin resistance, and intra-abdominal liposity. In HIV-negative cohorts, MS has been associated with low levels of testosterone [20, 21] . In HIV-positive cohorts, the prevalence of MS varies and has been reported to be between 7% and 45% (compared with between 7% and 31% in HIV-negative populations), and this may contribute to the high rates of androgen deficiency observed in HIV-positive cohorts [22] [23] [24] [25] .
LIPODYSTROPHY
Lipodystrophy syndrome has been reported in as many as 41% of people with HIV and comprises changes in body fat distribution including both fat loss (lipoatrophy) and fat accumulation (lipohypertrophy) [26] . Combined ART can cause mitochondrial toxicity and dysfunction and may be a cause of adverse metabolic effects such as lipodystrophy and insulin resistance. Changes in sex hormones including testosterone may play a role in the altered fat distribution and insulin sensitivity of male patients with HIV-lipodystrophy.
ABNORMAL TESTOSTERONE METABOLISM AND RAISED ESTRADIOL
There is evidence that men on ART develop low sexual desire that can be associated with raised estradiol levels. Richardson et al. [27] postulated that the abnormal androgen metabolism seen in HIV-positive men results in increased aromatization of testosterone to estradiol, perhaps occurring within the increased central adipose tissue seen in lipodystrophy and MS.
ANDROGENS, SEXUAL FUNCTION, AND HIV
High rates of sexual dysfunction have been well described among men with HIV. In particular, erectile dysfunction (ED) is prevalent and has been reported to be present in between 9% and 74% of HIV-positive men [28] . In that study, Guaraldi et al. [28] studied 133 HIV-positive men and found prevalence rates of ED of 55% and 65% of men aged less than or more than 50 years old, respectively. Comparison of TT and FT was made in those with and those without ED and no significant differences were observed.
In the large study by Crum-Cianflone et al. [9] , ED was reported in 175 of 285 men (61%) and rates of hypogonadism were not significantly different between those with and those without ED. No association was observed between ED and use of HIV medications. Similarly, in a cross-sectional study by Lallemand et al. [29] , 111 of 156 HIV-positive men (71%) on cART reported sexual dysfunction and no association was found between sexual dysfunction and type of cART used.
The study by Moreno-Perez et al. [7] revealed that 100% of patients (12/12) with hypogonadism as measured by calculated free testosterone (CFT) had ED, but only one quarter of the patients with ED were hypogonadal. CFT or bioavailable testosterone level is an accurate way of identifying ED related to low testosterone levels, but the causes of ED in HIV-positive men are diverse and frequently multifactorial.
AGE
Hypogonadism is associated with increasing age, and TT has been shown to decrease year on year in HIV-negative populations as they move through their fourth and fifth decades of life [13, 30] . Within developed countries, we are now caring for an aging cohort of HIV-positive individuals and it is predicted that as prognosis continues to improve for individuals living with HIV, there will be increasing numbers of older people living with HIV [31, 32] . We may reasonably expect that the numbers of HIV-positive men with late-onset hypogonadism are set to increase in the future.
In a study in 2005, Klein et al. [33] set out to examine the prevalence and association of hypogonadism in males aged over 50 years and at risk of or living with HIV. In a sample of over 500 men aged ＞49 years, of whom 275 were HIV-positive, the authors noted that raised TT was associated with HIV positivity but the free androgen index was not associated with HIV status. Among HIV-positive women, early loss of ovarian function and early menopause have been described in some study populations [34] [35] [36] . Unexpectedly high numbers of HIV-positive women reaching menopause very early have also been reported [34, 37] . It may be that men living with HIV infection are more prone to a syndrome of late-onset androgen deficiency or an "early andropause," heralded by dysregulation of the hypothalamic-pituitary axis [38] .
BONE MINERAL DENSITY AND TESTOSTERONE
High rates of osteopenia and osteoporosis have been reported in HIV-infected cohorts and prevalence rates range between 22%-71% and 3%-33%, respectively [39] . Loss of bone mineral density (BMD) in the context of HIV may be exacerbated by cART, vitamin D deficiency, alcohol and drug use, smoking, low body mass index, and HIV infection itself. Hypogonadism may be an additive risk factor for low BMD and should be managed appropriately as part of osteoporosis management, including measures to improve calcium and vitamin D nutrition and increase weight-bearing exercise as well as specific pharmacologic therapy, including in some cases testosterone replacement [40] .
RECREATIONAL DRUG USE
Injection drug use is a risk factor for HIV acquisition and is not uncommon among some HIV-infected cohorts. Marijuana, opiates, anabolic steroids, and alcohol can all inhibit gonadal function [41] , and a study by Wisniewski of androgen levels showed that FT concentrations were lower in men who used cocaine or opiates irrespective of HIV status [42] .
TREATMENT OF HYPOGONADISM AND WASTING IN HIV-POSITIVE MEN
The literature regarding treatments for hypogonadism in HIV-positive men is wide-ranging and includes a multitude of therapy options. ART in this population has been extensively studied and includes different forms of synthetic testosterone in addition to metabolic steroids.
Types of therapy 1) Testosterone
The use of different types of testosterone replacement therapy in HIV-positive men has been well studied; however, many of the studies had small patient populations and the outcome measures were not uniform across the studies. In a meta-analysis of testosterone therapy (given in different forms, i.e., intramuscular or transdermal) in HIV wasting syndrome, eight trials met the inclusion criteria for a total of 417 patients. A difference in lean body mass was seen in the testosterone group compared with the placebo group and the difference was greater in trials that utilized intramuscular testosterone [43] . Two studies by Bhasin et al. [44] and Grinspoon et al. [45] examined the effect of combining resistance training with or without testosterone treatment and found that body weight and maximum strength in various exercises was noted to increase significantly in both the testosterone group and the exercise group. Testosterone and exercise combined did not produce greater results than testosterone alone [44] .
2) Intramuscular testosterone
The majority of studies have shown not only increases in weight, but also overall changes in body composition with intramuscular testosterone treatment. In a double-blind placebo-controlled trial of 51 HIV-positive men with evidence of wasting and hypogonadism, patients were randomly assigned to receive testosterone enanthate 300 mg every 3 weeks or placebo. Gains in fat-free mass, lean body mass, and muscle mass were seen in the treatment group versus placebo at 6 months. Testosterone was tolerated well and significant benefits were also perceived in terms of improved quality of life, improved appearance, and feeling better [46] .
Other studies have looked at testosterone replacement with the use of testosterone cypionate 200 mg initially and 400 mg biweekly in HIV-positive men with sexual dysfunction (with or without hypogonadism) [47, 48] . Improved mood, energy, and libido; weight gain; and increase in muscle mass were observed. Men who had low-normal levels of testosterone were just as likely to respond as were hypogonadal men [48] and the increase in muscle mass was greater for men with wasting at presentation [47] .
Testosterone enanthate and testosterone cypionate are both short-acting testosterone formulations and are of relatively low cost. They are typically administered every 10 to 14 days. Supraphysiologic levels may be seen after 24 hours, with levels gradually declining to baseline hypogonadal levels in 2 weeks. Individuals may experience an initial "high" followed by feeling low as the euphoria wears off [49, 50] .
Testosterone undecanoate is the first long-acting injectable testosterone formulation that has been shown to maintain stable testosterone levels in hypogonadal men [51] . This formulation was not available in the United States at the time of this writing. A review of the database at the National Library of Medicine did not show any publications on the effects of long-acting intramuscular testosterone formulations in HIV-related hypogonadism.
3) Testosterone gel
One advantage of testosterone gel is its ease of use, and there is some evidence that there are fewer fluctuations in daily serum testosterone levels with gel administration than with injectable formulations [52] . In 2007, Bhasin et al. [53] studied the effect of 10 g testosterone gel daily versus placebo in HIV-positive hypogonadal men with abdominal obesity. Visceral fat did not differ significantly between the groups, but decreases in total and subcutaneous fat mass in testosterone-treated men compared with placebo were observed, along with increases in lean body mass.
4) Transscrotal testosterone
Only one study to date has looked at the effects of a transscrotal delivery system of testosterone in HIV-positive men with hypogonadism and wasting. In that study, 133 men were randomized to receive 6 mg of testosterone daily or placebo patches. Increases in morning serum testosterone and FT were noted in the treatment arm, but no changes in body cell mass or total weight were seen between the groups and no changes were reported in quality of life [54] .
5) Anabolic steroids
There is evidence that anabolic steroids promote greater increases in muscle and lean body mass than does testosterone [55] ; however, the most important and widely observed adverse effect of anabolic steroids with high anabolic potential is liver toxicity. Oxymetholone is an anabolic steroid that has high anabolic potency compared with its androgenic effects. In a study of 89 HIV-positive men and women with wasting, patients were assigned to oxymetholone or placebo [56] . Increases were observed in total body weight, lean body mass, and body cellular mass in the oxymetholone groups. Quality of life parameters including appetite and food intake, improved well-being, and decreased weakness and fatigue were significantly improved in the treatment groups only. Toxicities included grades III and IV liver toxicities.
The metabolic steroid nandrolone has shown promise as a treatment in men with HIV wasting. In a study of HIV-positive men with wasting who failed to gain weight despite nutritional intervention, body composition was performed after open label treatment with nandrolone decanoate. After 16 weeks, significant gains in total weight and lean body mass and changes in quality of life parameters were observed [57] .
DEPRESSION
Many studies report quality of life parameters such as mood, sexual dysfunction, libido, fatigue, weakness, and appetite as part of the overall benefit of androgen replacement therapy; however, not all studies have found positive effects [58, 59] . One of the major difficulties in studying quality of life parameters is the lack of standardization across studies, which results in difficulty performing meta-analysis [52] .
The relationship between testosterone levels and depression was evaluated in a randomized placebo-controlled study by Grinspoon et al. [60] . Depression scores were compared between eugonadal and hypogonadal men by use of the Beck Depression Inventory. The authors found that testosterone levels were significantly inversely associated with Beck score. Subjects were then randomized in a placebo-controlled trial of testosterone enanthate 300 mg intramuscularly every 3 weeks [43] . A significant decrease in the Beck score was shown in the testosterone treatment arm but not in the placebo treatment arm.
Another study compared fluoxetine and testosterone in HIV-positive men with major depression, subthreshold major depression, or dysthymia [61] . Men were randomized to receive 400 mg intramuscular testosterone cypionate biweekly, fluoxetine 60 mg/d, or double placebo. Among the subjects, mood response rates were not significantly different between the groups; however, improvement in fatigue in the testosterone group was significant.
BONE MINERAL DENSITY
The relationship between testosterone and BMD is well established, and testosterone treatment has been used in men with evidence of osteopenia [62] . Although increases in BMD have been shown in HIV-negative hypogonadal men [63] , testosterone treatment among HIV-positive hypogonadal men with osteopenia is less well studied. In a study looking at testosterone replacement in eugonadal HIV-positive men with wasting syndrome [64] , men were assigned to either testosterone enanthate 200 mg/wk or placebo with or without progressive resistance training. The authors found that subjects had lower baseline lumbar spine and hip BMD and that testosterone replacement significantly increased lumbar spine BMD over 3 months, whereas resistance training had no effect. No increases in BMD were seen in the hip or femoral neck region.
CONCLUSIONS
ㆍThe reported prevalence of hypogonadism among HIV-positive men varies widely and depends on the type of measurement of testosterone used. ㆍAndrogen deficiency appears to be more common in HIV-infected males than in the general population. ㆍHypogonadism is commonly secondary to hypothalamic-pituitary axis dysfunction and associated low LH and FSH levels and not to primary testicular failure. ㆍSince the advent of cART, rates of hypogonadism may be falling compared with early in the HIV epidemic but men with HIV infection remain at risk owing to complications of HIV infection, comorbidities, and toxicities associated with HAART and the aging cohort. ㆍCauses of low testosterone levels are complex and have been attributed to factors including chronic illness, HIV virus, medications used to treat HIV, opportunistic infections, comorbidities and coinfections, and normal age-related declines. ㆍLow levels of testosterone have been variably associated with low CD4 cell count, high HIV viral load, increasing age, increasing length of time diagnosed with HIV, disease progression, lean body mass, MS, wasting, lipodystrophy, and recreational drug use. ㆍSymptoms and signs of androgen deficiency in HIV-positive males are similar to those in HIV-negative males and overlap with symptoms commonly seen in HIV infection, regardless of androgen status. Symptoms include sexual dysfunction, fatigue, weakness, depression, and accelerated loss of BMD. ㆍStudies show that intramuscular injection of testosterone is effective in changing body composition in hypogonadal and eugonadal men with wasting. Studies are lacking in standardization and outcome measures making meta-analysis difficult, especially when evaluating changes in quality of life parameters, mood, and sexual function. ㆍAnabolic steroids show promise in treating both hypogonadal and eugonadal men who show evidence of HIV-associated wasting; however, whether treatment with these medications is more effective than testosterone replacement remains to be seen and toxicities may preclude them as standard treatment.
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